We report NOrthern Extended Millimetre Array (NOEMA) observations of warm molecular gas traced by CO(5 − 4) in a z ∼ 3.2 gas-rich main-sequence galaxy (MS), initially serendipitously detected in CO(3 − 2) emission in 'blind' deep NOEMA observations. Our target shows a gas excitation consistent with that seen in z ∼ 1.5 MS galaxies (L CO(5−4) /L CO(3−2) = 0.41 ± 0.14), albeit toward the low end, as well as a similar star formation efficiency based on the CO(3 − 2) line luminosity and the L IR . However, it shows a high molecular gas fraction (f gas = 0.9 ± 0.2) as compared to z ∼ 1.5 MS galaxies (f gas ∼ 0.42), consistent with a cosmologically increasing gas fraction beyond z 3 and our current understanding of scaling relations between z, f gas , the stellar mass M * , and the specific star formation rate sSFR. Our results are consistent with recent findings by the COLDz and ASPECS molecular line scan surveys and suggest that deep searches for CO emission are a powerful means to identify gas-rich, star-forming galaxies at high redshift.
INTRODUCTION
Observations of molecular gas -the fuel for star formation -in sizable galaxy samples at high-z are essential to understanding the onset and evolution of the peak epoch of cosmic star formation and stellar mass assembly at z ∼ 1 − 3 (see Carilli & Walter 2013 , for a review). Star-forming galaxies (SFGs) at all cosmic epochs show a redshift-modulated correlation between the stellar mass and the star-formation rate (SFR) -the galaxy main-sequence -suggesting that the bulk of star formation takes place in quasi-steady state, with galaxies undergoing short-lived starburst activity lying significantly above the galaxy main-sequence at any redshift (e.g. Rodighiero et al. 2011; Speagle et al. 2014) . Observations of the molecular gas traced by CO as well as dust-based measurements of the total gas and dust mass suggest that the observed increase in starformation rates in high-z SFGs is driven concurrently by increasing gas fraction (f gas ) and star-formation efficiency (SFE) (e.g. Tacconi et al. 2013; Genzel et al. 2015; Scoville et al. 2016; Pavesi et al. 2018 ). However, while there is a general agreement on the evolution of the molecular gas fraction and specific star formation rate (sSFR) up to z ∼ 2, there is considerable debate about its evolution beyond that epoch. While some studies find a continuing increase in the molecular gas fraction at z 3 (Tan et al. 2013; Dessauges-Zavadsky et al. 2015 , as expected from theoretical models (e.g Obreschkow & Rawlings 2009; Lagos et al. 2011) , other measurements indicate a plateauing or even a decline of the molecular gas fraction at the highest redshifts (e.g Saintonge et al. 2013; Troncoso et al. 2014; Béthermin et al. 2015; Dessauges-Zavadsky et al. 2015; Schinnerer et al. 2016) . CO line stacking of 78 galaxies at a mean redshift of z ∼ 2.4 also shows a lower molecular gas fraction than expected for massive main-sequence galaxies (Pavesi et al. 2018 ). This disagreement can be attributed to the scarcity of molecular gas detections in MS galaxies at z 3. CO detections in SFGs at z 3 are currently largely restricted to highly lensed systems (magnified 30−60× Coppin et al. 2007; Riechers et al. 2010; Saintonge et al. 2013; Dessauges-Zavadsky et al. 2017) . Searches in unlensed Lyman-Break galaxies (LBGs) at z ∼ 3 have had limited success, with only two detections to date (Magdis et al. 2012; Tan et al. 2013; Magdis et al. 2017) .
Observing both low-J and high-J CO lines in highz SFGs is important as they trace the cold and warm molecular gas phases respectively. While CO Spectral Line Energy Distributions (SLEDs) have been studied in FIR-bright submillimeter galaxies (SMGs) and quasars at high-z (e.g. Weiß et al. 2005; Riechers et al. 2006; Weiß et al. 2007; Riechers et al. 2011a,b; Danielson et al. 2011; Riechers et al. 2013; Bothwell et al. 2013; Yang et al. 2017; Strandet et al. 2017) , these systems are undergoing intense star-formation, have small gas depletion timescales (Yang et al. 2017) , and are unlikely to be representative of MS galaxies. The CO SLED has been only sparsely sampled for more 'normal' high-z star-forming galaxies, with observations limited to four BzK galaxies at z ∼ 1.5 and one lensed source at z ∼ 3.6 (Dessauges-Zavadsky et al. 2017). While low-J (J upper = 1, 2, 3) CO line ratios in these systems resemble those of star-forming galaxies in the local universe, CO(5 − 4) observations reveal the presence of an additional, warmer molecular gas component, demonstrating the necessity of sampling the CO SLED at multiple Js to accurately probe ISM properties .
We here present observations of CO(5 − 4) emission in EGSIRAC J141912.03+524924.0 (hereafter EGS141912), a gas-rich MS galaxy at z ∼ 3.2, detected serendipitously in CO(3−2) emission (Gowardhan et al. 2017, hereafter G17) . Our new observations confirm the target redshift and provide some of the first constraints on the molecular gas excitation and star formation efficiency in z > 3 MS galaxies.
The paper is organized as follows: we present the observations in § 2 and the spectral energy distribution (SED) fitting in § 3. In § 4 and § 5, we discuss our results and conclusions. We use a ΛCDM cosmology, with H 0 = 71 km s −1 Mpc −1 , Ω M = 0.27, and Ω Λ = 0.73 (Spergel et al. 2007 ).
2. OBSERVATIONS 2.1. CO observations NOEMA observations of the CO(5 − 4) line (ν rest = 576.26793 GHz) in EGS141912 were conducted in April 2017 (Program ID W16DR), with 8 antennas in the compact D configuration, for a total on-source time of 9.2 hours split across two tracks. Weather conditions were good for both tracks, with a precipitable water vapor (pwv) of 2 − 15 mm, with most of the observations taken in good weather. 3C273 was used as the absolute flux calibrator, and the source J1418+546 was used for phase and bandpass calibration. The WideX correlator (bandwidth ∼ 3.6 GHz) was tuned to a frequency of 136.605 GHz. Observations were carried out in a dual polarization mode, with a binned spectral resolution of ∼ 2.5 MHz (∼ 5.5 km s −1 at 136 GHz). All observations were calibrated using the IRAM PdBI data reduction pipeline in CLIC (Continuum and Line Interferometer Calibration), with subsequent additional flagging by hand. The reduced visibility data were imaged in the software MAPPING, using the tasks UV MAP and CLEAN, using natural baseline weighting and the Hogbom cleaning algorithm. The final synthesized beam size is 3. 0 × 2. 5. The rms noise in the cube is 1.0 mJy beam −1 per ∼ 15.5 km s −1 channel. Upon binning the line-free channels, we obtain an rms noise of 0.03 mJy beam −1 in the continuum map.
VLA observations
Radio continuum observations covering EGS141912 have been conducted using the NSF's Karl G. Jansky Very Large Array (VLA) over 3 epochs in JulySeptember 2013 . Observations were made in dual polarization using the X-band receivers in the C and CnB array configurations, with a 2 GHz bandwidth (7.988 − 9.884 GHz) sampled at a spectral resolution of 1 MHz. The total on-source time was 2.5 hours. 3C295 and J1419+5423 were used for absolute flux and phase calibration, respectively.
The VLA reduction pipeline in CASAv5.0.0 was used to flag and calibrate the observations. The weights for the visibilities were calculated using STATWT for the reduced measurement sets from each observational epoch, and they were combined into a single measurement set using the task CONCAT. The final measurement set was imaged and cleaned using the CASA task TCLEAN, using natural weighting to maximize point source sensitivity, and a pixel size of 0. 5 × 0. 5. Primary beam correction was applied during the cleaning process. All channels were binned together during cleaning. The resulting cleaned image has an rms noise of 1.3 µJy beam −1 over the entire 2 GHz bandwidth, and a synthesized beam size of 3 .1 × 2 .3 (PA: −76
• ).
3. RESULTS
CO observations
We detect CO(5 − 4) emission from EGS141912 at ∼ 6σ significance, where the moment-0 emission map ( Fig. 1 ) is created by binning the CO(5 − 4) line over the same velocities as the CO(3 − 2) emission in G17
1 . Based on a 2-D Gaussian fitting to the moment-0 map, we find a velocity integrated line flux of I CO(5−4) = 0.72 ± 0.12 Jy km s −1 . This corresponds to a line luminosity of L CO(5−4) = (1.3 ± 0.2) × 10 10 K km s −1 pc −2 . Both CO(3 − 2) and CO(5 − 4) spectra are extracted from a circular aperture with radius 1.0 centred on the position in Table 2 in order to compare their line profiles, though we caution that this corresponds to a small fraction of the beam for the CO(3 − 2) cube, given its ∼ 4× coarser spatial resolution (see Fig. 1 ). We do not detect any continuum emission from EGS141912, giving a 3σ upper limit of f λ 0.1 mJy at λ obs = 2.2 mm.
We also create the rms-weighted average of the CO(3− 2) and CO(5 − 4) spectra ( Fig. 1 ) and detect the combined emission at a ∼ 8σ significance, resulting in an improved z spec = 3.2185 ± 0.0002. The total gas mass has been derived using the CO(3 − 2) line (as in G17) and the line luminosities are listed in Table 2 .
Radio continuum observations
We do not detect 9 GHz radio continuum emission from EGS 141912 at the spatial position of the CO emission, and find a 3σ upper limit of f 9GHz 3.9 µJy 2 . We use this limit to constrain the 1.4 GHz luminosity (L 1.4GHz ) as follows
where D L is the luminosity distance in metres, z is the source redshift, ν obs ∼ 9 GHz, and α is the radio spectral slope of α = −0.7 (such that S ν ∝ ν α ). This gives a 3σ upper limit on the 1.4 GHz luminosity of L 1.4GHz 8.7 × 10 23 W Hz −1 .
SED fitting
To obtain the stellar mass, we adopt the spectral energy distribution (SED) fitting package Code for Investigating GALaxy Emission (CIGALE ; Burgarella et al. 2005; Noll et al. 2009; Serra et al. 2011 as described in G17 with minor changes (see Appendix A for more details). We here only use those photometric data points where the emission is detected at SNR 2 as well as the upper limits on continuum emission based on our CO observations. The best-fit SED is shown in Figure 2 , and the results of the SED fitting as well as all source properties are listed in Table 2 . Based on the stellar mass based on the SED fit and gas mass based on the CO(3 − 2) line strength, we find a gas mass fraction f gas = M gas /(M gas + M * ) = 0.9 ± 0.2. The quoted uncertainty in the gas fraction does not include the systematic uncertainty associated with the stellar mass estimate due to assumptions about the star-formation history (∼ 30%, see Appendix A), the uncertainties in the CO line luminosity ratio L CO(3−2) /L CO(1−0) , assumed to be r 31 = 0.42 ± 0.07 based on Daddi et al. (2015) , or (Momcheva et al. 2015) with integrated CO(3 − 2) and CO(5 − 4) moment-0 emission shown as the blue and pink contours respectively. Contours are marked at the ±3, 4, 5, 6σ levels, at 0.1 Jy km s −1 beam −1 for both maps. Right: CO(3 − 2) and CO(5 − 4) spectra (histograms)from a 1.0" aperture, as well as their weighted average spectrum. The moment-0 maps were made by summing the channels between v ∈ (−130, 164) km s −1 , for which the velocity range was determined based on the detected emission in the rms-weighted stacked spectrum of the CO(3 − 2) and CO(5 − 4) spectra.
systematic uncertainties in the CO-H 2 gas mass conversion factor α CO (see Bolatto et al. 2013 for a review).
There are large uncertainties associated with the L IR for EGS141912. This is best demonstrated in Figure 2 , where we compare the best-fit SED from CIGALE to high-z SED templates, both for normal and starburst galaxies (Magdis et al. 2012) 3 . It is clear that in the absence of photometry sampling the peak of the IR emission, the shape of the SED -and therefore the integrated L IR -is poorly constrained. Physically, this arises because a mixed dust/star system may look identical to a dimmer, dust-free system at optical/UV wavelengths, and the two can be distinguished only using far-IR photometry. This lack of far-IR coverage also results in relatively poorly constrained dust mass obtained through SED fitting, M dust = (6.4±4.7)×10 8 M (also see Berta et al. 2016) . This corresponds to a gas-to-dust mass ratio of δ GDR = 400±300, which is higher than but consistent with the expected δ GDR ∼ 100 for solar metallicities (Leroy et al. 2011 ) within the uncertainties.
Anchoring SED templates for z ∼ 3 main-sequence galaxies to the 24µm flux (Magdis et al. 2012) , we infer an IR luminosity of L MS IR = (2.1 ± 0.3) × 10 12 L . To get an upper limit on the L IR , we fit the upper limit = 4.8×10 12 L . These limits on the L IR are consistent with those derived using the upper limit on the 1.4 GHz luminosity L 1.4GHz when assuming a redshift-dependent radio-IR correlation 4 (Delhaize et al. 2017) . We find q IR ∼ 2.2 for z ∼ 3.2 (assuming α = −0.7) as compared to q IR ∼ 2.6 for a non-evolving radio-IR correlation (see Fig 3 Molnár et al. 2018) . These correspond to upper limits on the
We use the limits on L IR to get limits for the SFR IR = 1.09 × 10 −10 L IR (Chabrier 2003) , finding SFR IR = (1) 230 − 520M yr −1 . EGS141912 then has a specific starformation rate of sSFR= 7.6 − 17.4 Gyr −1 and gas depletion timescales of τ dep = 1.1 − 0.5 Gyr. The sSFR is thus 0.9 − 2.1× sSFR MS , where sSFR MS is the sSFR expected from a galaxy lying on the MS at z ∼ 3.2 (Speagle et al. 2014; Tacconi et al. 2018) . EGS141912 is therefore consistent with the MS at z ∼ 3.2.
4. DISCUSSION 4.1. CO excitation at z ∼ 3
In general, the CO excitation (measured by line luminosity ratio between high-J and low-J CO lines) is expected to increase at higher-z due to the increased dust temperature (Magdis et al. 2012) , and potentially due to higher dense gas fractions and star formation efficiencies (e.g. Daddi et al. 2010; Scoville et al. 2016) . Such a warm, highly excited molecular gas component is also expected based on simulations of gas excitation and feedback at higher redshifts (e.g. Narayanan & Krumholz 2014; Bournaud et al. 2015) . We here quantify the CO excitation in EGS141912 using the CO(3−2) and CO(5 − 4) line detections. For EGS141912, we Figure 2 . Results from SED-fitting for EGS141912 using CIGALE. The colored points represent the observed photometry, listed in Table 1 , and the gray line represents the best-fit SED. The far-IR tail of the SED is poorly constrained due to the lack of available photometry at those wavelengths. The dashed and dash-dotted lines show the fit using Magdis et al. (2012) templates for main-sequence (z ∼ 3) and starburst galaxies. a We adopt the total molecular gas mass of Mgas = (2.6 ± 0.4) × 10 11 M , as reported in G17, calculated using L CO(3−2) , assuming a line luminosity ratio of r 31 = 0.42 (the average from the Daddi et al. 2015 sample of z ∼ 1.5 BzK galaxies) and a CO-H 2 gas mass conversion factor α CO = 3.6 M (K km s −1 pc −2 ) −1 , suitable for main-sequence galaxies at high redshift (Daddi et al. 2010; Carleton et al. 2017) .
find a line luminosity ratio of L CO(5−4) /L CO(3−2) = 1.3 ± 0.2/3.0 ± 0.5 = 0.41 ± 0.10. This is slightly lower than but consistent with the excitation observed for BzK galaxies (L CO(5−4) /L CO(3−2) = 0.53 ± 0.19; Daddi et al. 2010 Daddi et al. , 2015 , and is lower than the observed excitation in submillimetre galaxies (SMGs ; r 53 = 0.61 ± 0.20; Bothwell et al. 2013) .
The star-formation efficiency in EGS141912 (L IR /M gas ∼ (8.1 − 18.4)L /M ) is also consistent with those ob-served in BzK galaxies (L IR /M gas ∼ (13 ± 3)L /M Daddi et al. 2015) .
The CO-L IR correlation
CO(5 − 4) emission is a tracer of warm and dense molecular gas. L CO(5−4) has been observed to correlate linearly with star formation rates and with L IR in galaxies ranging from local spirals and (U)LIRGs to high-z star-forming galaxies, SMGs and QSOs (e.g. Liu et al. 2015; Daddi et al. 2015; Yang et al. 2017 ). This correlation is somewhat indirectly driven, as the CO emission arises from warm molecular gas, potentially partially heated by mechanical feedback and winds from star-forming regions. A similar correlation also exists between the L CO(3−2) and the L IR (see Fig. 3 ). The observed L CO(5−4) and L CO(3−2) are consistent with these relations within the scatter.
Evolution of the cosmic gas fraction
The gas fraction f gas in galaxies is a function of M * , sSFR/sSFR MS , and z, with an increasing gas fraction at higher redshift, lower M * , and in galaxies having lying above the MS (e.g. Bouché et al. 2010; Davé et al. 2011; Saintonge et al. 2011 Saintonge et al. , 2012 Saintonge et al. , 2017 Scoville et al. 2017; Tacconi et al. 2018) . We use the function for this evolution given by Scoville et al. (2017) :
We compare this against the gas fraction obtained for EGS141912 in Fig. 4 . For a MS galaxy at z ∼ 3.2 with a stellar mass of M * = 3 × 10 10 M , the expected gas fraction is f gas = 0.82 for sSFR/sSFR ms = 1.0, and f gas = 0.85 for sSFR/sSFR ms = 2.0. EGS141912 shows a gas fraction of f gas = M gas /(M * + M gas ) = 0.9 ± 0.2, which falls within a 99.7% confidence interval of the above relation. Similarly high gas fractions have been found in two MS galaxies at z ∼ 2 − 2.5 (Tacconi et al. 2013; Decarli et al. 2016a) , with one showing comparable M * and M gas to EGS141912, and the other having a significantly lower stellar mass (M * = 6 × 10 9 M ; Tacconi et al. 2013).
CONCLUSION
We have presented molecular gas observations of EGS141912, one of the highest redshift unlensed MS galaxies detected in CO to date. Our observations of the CO(3−2) and CO(5−4) emission reveal that the gas excitation is consistent with that seen in z ∼ 1.5 BzK galaxies, although toward the low end. EGS141912 also has a similar star formation efficiency as other high-z MS galaxies between z ∼ 1.5 − 2.5. We find EGS141912 to be gas-rich, with a gas fraction of f gas ∼ 0.9 ± 0.2, which is consistent with scaling relations for the gas fraction of MS galaxies derived using dust-based measurements of the total ISM mass (Scoville et al. 2017) . The uncertainties on the star formation efficiency and gas fraction for EGS141912 are driven by those on α CO , L IR and the unknown gas excitation, and we need both high spatial resolution observations of the CO(1 − 0) emission as well as observations at the peak of the far-IR SED to improve our knowledge of the cold molecular gas, the molecular gas fraction and its star-formation efficiency. EGS141912 lies well within the attained CO sensitivities by blind surveys such as ASPECS-Pilot (Decarli et al. 2016a,b; Walter et al. 2016) and COLDz (Pavesi et al. 2018; Riechers et al. 2019) .
While most gas-rich galaxies in the universe at z > 2 have optical/IR counterparts (Tacconi et al. 2013; Decarli et al. 2016a; Pavesi et al. 2018) , our findings for EGS141912 show that some of the most gas-rich systems would not be preferentially selected for targeted CO follow-up studies at high redshift, either based on optical or far-IR selection criteria (e.g. PHIBBS, Tacconi et al. 2013 ). Molecular line scan surveys such as COLDz and ASPECS, which by design are ideal for picking up galaxies like EGS141912, thus provide a complementary probe of the distant universe, and thus, significantly contribute towards our understanding of the total cold gas content throughout cosmic history (e.g., Decarli et al. 2016a; Riechers et al. 2019 ).
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APPENDIX

A. DETAILS OF SED MODELLING
We have used CIGALE to model the UV to IR SED of EGS141912. Although CIGALE can estimate a large number of galaxy physical properties (including dust attenuation, dust luminosity, M * , SFR and L IR ), given the lack of far-IR photometry for EGS141912, we do not consider the L IR and SFR estimates to be highly reliable (see § 3.3).
The modelling and estimation of uncertainties performed by CIGALE have been discussed in greater detail in Noll et al. (2009); Boquien et al. (2018) , but we briefly describe them as follows. CIGALE uses independent modules for modelling star-formation histories (SFHs), stellar emission from different population synthesis models (Bruzual & Charlot 2003; Maraston 2005) , dust attenuation (Calzetti et al. 2000) , dust emission (e.g. Draine & Li 2007) and radio emission, which together create an integrated SED template. The code implicitly maintains energy balance between the UV attenuation and dust emission. CIGALE takes a range of parameters for each of these modules as input, and builds a model for each combination of parameters. After the grid of normalized models is computed. The models are scaled and compared against the provided photometry, CIGALE finds a likelihood for each of the models, defined as e −χ 2 . These likelihoods are used to compute the likelihood-weighted mean of the physical parameters and their likelihood-weighted uncertainties, which are returned as the best-fit parameters.
We here focus on the uncertainties on the stellar mass M * . For EGS141912, we find a stellar mass of M * = (3.0 ± 0.1) × 10 10 M , assuming a delayed exponential star-formation history, and the Bruzual & Charlot (2003) stellar population synthesis model. To test how robust M * is to our choice of SFH, we have explored the different possible SFHs allowed by CIGALE -a double exponential, a delayed star-formation, as well as a periodic bursts of star-formation. We find a ∼ 30% variation in M * assuming different models, with M * = (3.0 ± 0.1) × 10 10 M for a delayed exponential SFH, to M * = (3.9 ± 0.5) × 10 10 M for periodic bursts of star formation. Assuming a delayed SFH results in the fit with the lowest reduced χ 2 ∼ 2.3, as compared to χ 2 ∼ 2.7 and χ 2 ∼ 3.0 for double exponential SFH and a periodic SFH, respectively. We therefore assume a delayed SFH for the final best-fit SED. 10 M and sSFR = 2sSFRMS; the shaded regions show the 99.7% confidence regions. EGS141912 is consistent with an increasing gas fraction at z 3.
